NASA Technical Memorandum 88848 
IAF-86-183 


Status of Advanced Propulsion 
for Space Based Orbital 
Transfer Vehicle 

JNASA-Tfl-8884 8) STATES OF ADVANCED 
FBOPUISICN FOB SPACE EASED CREITAL TRANSFER 
VEHICLE (NASA) 22 p CSCL 21H 

G3/20 


Larry P. Cooper and Dean D. Scheer 
Lewis Research Center 
Cleveland, Ohio 


Prepared for the 

37th Congress of the International Astronautical Federation 
Innsbruck, Austria, October 4-11, 1986 


i/j 


N87-10959 

Onclas 

43740 






E-3238 


STATUS OF ADVANCED PROPULSION FOR SPACE 


BASED ORBITAL TRANSFER VEHICLE 

Larry P. Cooper and Dean D. Scheer 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

A new Orbital Transfer Vehicle (OTV) propulsion system will be required 
to meet the needs of space missions beyond the mld-1990's. As envisioned, the 
advanced OTV will be used In conjunction with earth-to-orblt vehicles, Space 
Station, and Orbit Maneuvering Vehicle. The OTV will transfer men, large space 
structures, and conventional payloads between low earth and higher energy 
orbits. Space probes carried by the OTV will continue the exploration of the 
solar system. When lunar bases are established, the OTV will be their trans¬ 
portation link to earth. 

NASA Is currently funding the development of technology for advanced pro¬ 
pulsion concepts for future Orbital Transfer Vehicles. Progress In key areas 
during 1986 Is presented. 


INTRODUCTION 

As expressed In "The Report of the National Commission on Space" (ref. 1) 
we may well see the pioneering of the space frontier over the next fifty years. 
One of the major space transportation system requirements established by the 
Commission was round trip transfer beyond low earth orbit utilizing an Orbital 
Transfer Vehicle. 

As shown In figure 1, the Orbital Transfer Vehicle (OTV) Is a key element 
of the envisioned space Infrastructure of the 1990's and beyond. Other ele¬ 
ments Include the Space Station, Orbit Maneuvering Vehicle, and a variety of 
earth-to-orbit vehicles. In this scenario, the Orbital Transfer Vehicle would 
be reusable and operate primarily between low earth orbit and geosynchronous 
orbit. The majority of Its missions would be for delivery of satellites and 
manned servicing In geosynchronous orbit. In addition, It would serve as the 
transportation mode between the earth and moon and would place planetary probes 
on their transfer trajectories. 

To prepare for the needs of future Orbital Transfer Vehicles, NASA In 1981 
Initiated an Advanced OTV Propulsion Technology Program. The objective of this 
program Is to establish by the early 1990's, the technology base for a high 
performance, multiple restart, variable thrust, orbital transfer propulsion 
system which could be man-rated, space or ground based, and compatible with 
aeroasslst maneuver concepts. This paper reviews ongoing NASA sponsored 
efforts to advance OTV propulsion technology. 




ORBITAL TRANSFER VEHICLE PROPULSION 


The Advanced OTV Propulsion Technology Program Is currently pursuing key 
technologies for three concepts for advanced OTV engines. These concepts and 
key technologies were defined In studies completed In 1983 and subsequently 
updated In 1986 by Aerojet General, Aerojet TechSystems Company; Rockwell 
International, Rocketdyne Division; and United Technologies, Pratt & Whitney. 
These engines reflect the Program requirements as shown In Table I. The pro¬ 
pellants are limited to cryogenic hydrogen-oxygen and total vehicle vacuum 
thrust level Is between 10 000 to 25 000 lb with multiple engines. In addition 
to these specific requirements, several goals have been established reflecting 
desirable characteristics for an advanced engine. These goals are listed In 
table II. In total, they represent a set of highly ambitious characteristics, 
and were established as technical challenges to generate options and tradeoffs, 
since all goals may not be achievable singularly or concurrently. The ration¬ 
ale which led to the specific numerical requirements and goals are discussed 
In reference 2. 

The three engine concepts are summarized below with changes from the 1983 
configurations noted. 


Aerojet TechSystems Company 

A 3000 lb thrust propellant expander cycle engine was selected In 1983 
(ref. 3). The thrust level of the updated engine has been Increased from 
3000 lb to 7500 lb to reflect the general preference for dual engine configu¬ 
rations (refs. 4 to 6) rather than the six engine concept proposed earlier. 

The engine's specific Impulse Is predicted to be In excess of 480 s at a mix¬ 
ture ratio of 6.0 and Is obtained through utilizing a chamber pressure of 
2000 psla and a nozzle area ratio of 1000:1. The fixed nozzle has been 
replaced by an extendible portion and the area ratio has been reduced from 
1200:1 to maintain overall engine length at 60 In. In the retracted position. 

The flow schematic of the Aerojet concept Is shown In figure 2. The key 
feature of the dual propellant expander cycle Is that both hydrogen and oxygen 
are used to drive their respective turbopumps. This approach enables a higher 
chamber pressure to be obtained than with the conventional hydrogen expander 
for this engine thrust size. It also eliminates Interpropellant seals In the 
oxidizer turbopump and could eliminate Inert gas on the OTV to purge Interpro¬ 
pellant seals. 

The critical technology Issues Identified for this engine concept are the 
hazard of explosion or combustion of oxygen turbine materials exposed to the 
warm gaseous oxygen and the dual propellant cooled annular thrust chamber. 


Rocketdyne 

A 15 000 lb thrust hydrogen expander cycle with hydrogen regeneration was 
baselined In 1983 (ref. 7). The concept has been resized from 15 000 lb to 
7500 lb thrust to accommodate the preferred dual engine configurations. At a 
mixture ratio of 6.0, the concept has a predicted specific Impulse In excess 
of 480 s with a chamber pressure of 1831 psla and an extendible nozzle of 1080 
area ratio. The nozzle has been reduced to a single extendible section to 
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reduce complexity and the area ratio has been reduced to maintain the overall 
engine length below 120 in. when the nozzle is deployed. 

The propellant flow schematic for this expander cycle is shown in fig¬ 
ure 3. Key features identified as technology issues are chamber heat extrac¬ 
tion and life enhancements for longitudinal ribs on the hot-gas side and fins 
in the coolant channels and advanced turbomachinery concepts such as a two- 
stage partial admission turbine and soft wear ring seals. 


Pratt & Whitney 

The 1983 Pratt & Whitney baseline was a hydrogen expander cycle with 
hydrogen regeneration at a thrust level of 15 000 lb (ref. 8). This concept 
has also been resized from 15 000 lb to 7500 lb to accommodate the preferred 
dual engine configurations. At a mixture ratio of 6.0, predicted specific 
Impulse is slightly less than 480 s with a chamber pressure of 1210 psia and a 
single section extendible nozzle of 600 area ratio. 

The propellant flow schematic for the Pratt & Whitney concept is shown 
in figure 4. A unique feature of this concept is the hydrogen cooled gear 
train in the turbopump assembly which synchronizes the main oxygen and fuel 
pumps and drives the low speed boost pumps. Key technology issues in this 
concept are heat extraction capability and life of the thrust chamber and life 
of the hydrogen cooled gear train. 


TECHNOLOGY PROGRAMS 

Based upon the engine concepts and identified technology needs, a compre¬ 
hensive effort was begun in 1983 to demonstrate technology readiness of each 
concept for a Design, Development, Test, and Engineering (DDT&E) program in 
the early 1990*s. Highlights of 1986 advancements in key technology areas are 
summarized below. 


Turbomachinery Technology 

P artial admission turbine . - The Rocketdyne design Incorporates a twostage 
partial admission turbine in the fuel turbopump. A series of tests and analy¬ 
ses have been completed to verify the analytical design predictions, update the 
prediction methodologies, and provide a baseline data set for comparison with 
future enhancements of the turbine. The tests were conducted in nitrogen and 
Included variations in the degree of turbine admission and nozzle angulation on 
performance. Results of these tests are shown In figures 5 and 6. Performance 
of the turbine at the design condition (highest admission fractions and a 
velocity ratio of 0.286) was approximately 11 percent higher than originally 
predicted. This is most likely a result of windage losses being lower than 
expected. Effects and trends of nozzle arc of admission variation were gener¬ 
ally as expected with the lowest performance coincident with the lowest arc of 
admission. In addition, large deviations from the design point nozzle-to- 
nozzle angulation setting produced the lowest performance. 

S oft wear ring seals . - In order to maintain high turbopump performance 
with long operational life, Rocketdyne is considering the use of turbopump 
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seals manufactured from plastic materials. These seals would permit tighter 
clearances with significantly reduced risks due to rubs. Polyurethane materi¬ 
als are candidates for liquid hydrogen service and polylmldes for liquid oxygen 
and warm gaseous hydrogen. Initial screening of materials for oxygen service 
has been completed. The screening consisted of Impact, autoignition, and pro¬ 
moted Ignition tests In oxygen. Shown In figure 7 are burn rate results as 
determined from the promoted Ignition tests. Data from these tests have been 
Incorporated Into a model of seal rub energy dissipation within the rotor to 
stator system. This model provides a ranking of seal materials based upon the 
turbopump environmental factors and upon the material characteristics of the 
seals, rotor, and stator. Evaluation of the seal materials Is now underway In 
a friction rubbing tester, figure 8. Rubbing velocities up to 150 fps, loads 
to 25 ps1 and oxygen pressures to 300 ps1 can be obtained. 

Oxygen turbopump bearings . - Bearing life In existing reusable rocket 
engines have fallen far short of the goals for OTV engine program. Aerojet has 
Incorporated hydrostatic bearings Into their concepts of fuel and oxidizer 
turbopumps. These bearings have been shown In laboratory tests to have virtu¬ 
ally unlimited life when metal on metal contact Is eliminated. The critical 
oxygen turbopump bearings are being evaluated In a bearing tester which closely 
resembles the turbopump. Components of the tester are shown In figure 9 prior 
to assembly. Figure 10 Is a cross-sectional view of the tester. Initial tests 
In nitrogen are In progress to demonstrate rotor support system Integrity, and 
provide data for verification/update of analysis methods. Subsequent tests 
Involving fluid changes from nitrogen to oxygen and component changes which 
evolve the tester Into a turbopump for performance testing are planned for late 
1986. 

Oxygen compatible turbopump materials . - The Aerojet engine concept uti¬ 
lizes a gaseous oxygen driven turbine for the oxygen pump. Experience has 
shown that rubs In high pressure gaseous oxygen can result In catastrophic 
failure of the turbopump. Some materials are more prone to Ignition than 
others. A ranking methodology based on the material burn factor has been pre¬ 
viously validated In this program (ref. 9). Those results were for the rubbing 
of Identical materials. Extension of these results to rubbing of dissimilar 
metals has now been completed. It was originally postulated that rubbing a 
material with a low burn factor against one with a higher burn factor could 
significantly Increase the temperature for Ignition. The lower burn factor 
material would be an Improved heat sink for the rub energy as compared to rub¬ 
bing Identical materials. The results of the dissimilar metals evaluation are 
tabulated In table III. In general. It has been found that the Ignition char¬ 
acteristics of dissimilar materials are dominated by the most Ignltable of the 
materials. Additional heat sink capacity Is apparently unable to remove energy 
rapidly enough to prevent Ignition Initiation In the more susceptible material. 
Introduction of highly burn resistant metals as one of the rubbing surfaces 
appears of little value In preventing Ignition. 

Combustion Devices Technology 

C ombustion chamber ribs . - The expander cycle derives Its turbopump drive 
energy from heat extracted from the chamber and nozzle. Maximizing the energy 
extracted provides for the highest chamber pressures and smallest engine 
envelop for a given expansion ratio. One method to Increase energy extraction 
Is to provide ribs on the hot gas side of the chamber to Increase the available 
surface area and enhance the heat transfer coefficient over the smooth wall 
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condition. Evaluation of this concept with hot air tests was completed by 
Rocketdyne (ref. 10). Extension of the test results to hot fire conditions has 
now been analytically assessed. The hot air data were extrapolated by Incor¬ 
porating corrections for density, velocity, heat capacity, and compressibility. 
As shown In figure 11, enhancement of over 40 percent In energy extraction Is 
anticipated for the best configuration. Fabrication of a ribbed calorimeter 
chamber Is now In progress. Testing to validate the hot fire projections Is 
expected to begin In 1987. 

C oolant channel enhancement . - Low cycle fatigue of the thrust chamber Is 
one of several life limiting phenomena In rocket engines. Chamber life can be 
Increased by reducing the chamber wall temperature. However, this must be done 
without reducing the total amount of energy extracted in order to maintain the 
expander cycle performance level. Enhancing the coolant passage heat transfer 
has been proposed by Rocketdyne. Candidate channel geometries have been eval¬ 
uated based on structural durability, coolant pressure drop, produclblllty, and 
heat load enhancement. Several scale model configurations were air flow tested 
by Rocketdyne as shown In figure 12. Results of these tests are shown In fig¬ 
ure 13, scaled for hydrogen at the proper conditions at the end of the combus¬ 
tor cylindrical section. As compared to the reference rectangular channel, the 
channel with a single high fin reduced the wall temperature by approximately 
40 °F at the design hot fire condition. Calorimeter chambers with enhanced 
coolant passages are being fabricated and are to be tested In 1987. The final 
step will be to combine the rib and fin configuration Into a thrust chamber for 
testing In 1988. 

A nnular thrust chamber . - The Aerojet 01V engine concept utilizes a cylin¬ 
drical centerbody In the thrust chamber to Increase the overall surface area 
for energy extraction. Initial evaluation of this annular thrust chamber con¬ 
cept has been completed with heat sink hardware. A cross-sectional view of the 
heat sink chamber and Injector Is shown In figure 14. Chamber components are 
shown In figure 15. Thirty-five hot-fire tests were conducted to verify the 
stability, throttleablllty, performance, and heat transfer characteristics of 
the thrust chamber assembly. The chamber pressures ranged from Idle mode con¬ 
ditions (30-35 psla) to 600 psla while mixture ratio was varied from 3 to 9. 

The chamber was Instrumented to obtain axial heat flux profile along the cham¬ 
ber length. Typical results as shown In figure 16 reveal acceptable levels of 
heat flux. The chamber performance exceeded 95 percent energy release effi¬ 
ciency at low pressure operation and approached 100 percent as the chamber 
pressure was Increased. The chamber was stable at all test conditions. High 
frequency pressure measurements revealed no oscillations. Post test Inspection 
showed no abnormal discoloration or streaking. Preparations are now underway 
to extend test conditions to 2400 psla. A hydrogen cooled throat Insert has 
been completed and will replace the heat sink throat. These tests are expected 
to begin In late 1986. 

Long life chamber materials . - The copper alloy used In the Space Shuttle 
Main Engine thrust chamber has shown a tendency to undergo surface roughening 
In operation. This leads to undesirable heat transfer conditions and premature 
failure through wall cracking. Since the 01V engine may require space based 
Inspection and maintenance, methods to avoid these material related failures 
Is desirable. 

One potential method to produce copper alloys with better Low Cycle 
Fatigue performance Is rapid solidification rate powder metallurgy. Using this 
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process, materials are produced with supersaturated concentrations of desirable 
agents for enhanced ductility, strength, and microstructure phase stability. 
Copper alloy systems with Chromium, Zirconium, Hafnium, Silver, and with dis¬ 
persed metal borides and s111cIdes have been Investigated by Pratt & Whitney. 
Several pounds of alloys have been produced by atomization, then consolidated, 
processed, and tested for alloy characteristics. Most copper alloys exhibit 
Improved mechanical properties and thermal stability. 

Low cycle fatigue results are shown In figure 17 for a typical copper- 
hafnium alloy as compared to an alloy with composition similar to the alloy 
used In the Space Shuttle Main Engine thrust chamber. 

Close Coupled Component Technology 

Integrated component evaluation . - Complete assessment of the various 
subcomponent and component technologies will require evaluation under realistic 
operating conditions simulating the closely coupled nature of the expander 
cycle engine. Rocketdyne has provided a baseline system consisting of a thrust 
chamber and turbopump feed system as shown In figure 18. Advanced technology 
features will be Incorporated Into the system for characterization. Tests to 
establish the baseline turbopump data set have been successfully completed with 
an accumulated run time of 380 sec at pumped Idle and moderate power level 
conditions. Hot fire tests have been Initiated and have thus far achieved 
chamber operating pressures of 700 psla. 

I ntegrated control and health monitoring (ICHM) . - Satisfactory completion 
of the multiple burn OTV missions and the effective maintenance of the engine 
In space will likely require an advanced 1CHM system. It will need to monitor 
the engine's health during operation and Idle periods, detect Imminent fail¬ 
ures, provide warnings for maintenance needs, and provide adaptive control 
action to delay failure until maintenance can be effected. 

Aerojet and Rocketdyne have completed conceptualization of their ICHM 
systems. The Aerojet approach Is shown In figure 19. It consists of a four 
level hierarchy. At the top are those features required for control of the 
engine operation. The second layer Is dedicated to detection of major anoma¬ 
lies which require Immediate engine shutdown. Next are the functions related 
to detection of anomalies whose effects can be relieved by operation at alter¬ 
native engine conditions, such as reduced thrust or mixture ratio. The final 
level consists of functions related to trend monitoring, analysis, and record¬ 
ing. This level provides guidance for between flight and maintenance needs. 
Evaluation of engine failure modes has also been completed. Shown In table IV 
are the modes, sensors, and corrective actions Identified for the Rocketdyne 
turbopump concept. 

Space operable disconnects . - A key element of the reusable OTV engine Is 
the concept of space maintenance. It Is possible that some element of the 
engine will deteriorate or fall prior to reaching the engine life goal. 
Replacement of the engine or Its components would then be needed. Space oper¬ 
able disconnects are required to permit coupling and decoupling on orbit by 
astronauts In space suits and/or robotic servicing devices. They must be easy 
to use, highly reliable, and not contribute significant weight or envelop 
penalties. 
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Disconnects can be grouped by Interface type Into propellant, pneumatic, 
structural, power, and data. Attention has been focused on propellant Inter¬ 
face joints and a number of concepts have been Identified. 

A Rocketdyne engine change-out disconnect design concept Is shown In fig¬ 
ure 20. This carriage-hook concept features a simple fixed coupling half with 
the entire mechanism contained on the removable half. A rotating drive sleeve 
(which may be either manually actuated or powered) causes a carriage to axially 
translate for or aft. Splines prevent rotation of the carriage. Hooks are 
mounted to the carriage with springs to normally hold them In the assembled, 
or closed, position. As shown In the upper view, the hooks are forced to 
rotate clear of the fixed flange as the coupling begins to connect. When the 
fixed flange nears seating, the hooks are free to snap back against their 
stops. Actuation of the drive sleeve causes the carriage to translate until 
the hooks contact and load the back of the fixed flange. Proper loading of the 
joint can be determined by torqulng the drive sleeve or by measuring the strain 
on each of the easily accessible tension legs of the carriage. 

CONCLUDING REMARKS 

Although a development decision for the OTV has not yet been made, the 
need for an advanced OTV Is acknowledged If we are to fulfill the vision of 
pioneering the space frontier. NASA has an ongoing effort for 01V propulsion 
technology. It Is pointed towards enabling a low risk, minimum cost design, 
development, test, and engineering (DDT&E) program for an advanced engine In 
the early 1990's. Analytical and experimental efforts will continue at the 
subcomponent level In 1987. Component testing will begin In 1988 under current 
plans. 
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TABLE I. - REQUIRED ADVANCED OTV PROPULSION SYSTEM CHARACTERISTICS 


CharacterlStic 

Requlrement 

Propellants - fuel 

Hydrogen 

oxidizer 

Oxygen 

Vacuum thrust (design point range), 1 bf a 

10 000 to 25 000 

Engine mixture ratio, 0/F (design point) 

6.0 

Engine mixture ratio range, O/F 

5.0 to 7.0 

Propellant Inlet temperature, °R - hydrogen 

37.8 

oxygen 

162.7 

Thrust vector control, degree 

±6.0 

(square pattern) 

Start cycle 

Chllldown with propulsive 
dumping of propellants, 
engine start with pump Inlets 
at propellent tank vapor 
pressure. 


a Vacuum thrust range may be obtained from either a single engine or 
multiple engine configurations having total thrust within the specified 
range. 


TABLE II. - ADVANCED OTV PROPULSION SYSTEM GOALS 


Characteristic 

Goal 

Vacuum specific Impulse, lbf-sec/lbm 

520 

Vacuum thrust throttle ratio 

30:1 

Net positive suction head, ft-lbf/lbm 


Hydrogen 

0 

Oxygen 

0 

Weight, lbm 

360 

Length (stowed), In. 

40 

Reliability 

1.0 

Service life 


Between overhauls, cycles/hours 

500/20 

Service free, cycles/hours 

100/4 











TABLE III. - IGNITION SENSITIVITY OF FRICTION RUBBING MATERIALS 

IN OXYGEN 


Sample 

Burn 

factor 

Sample 

Burn 

factor 

Temperature 
at Ignition 

Zirconium Copper 

35 

Zirconium Copper 

35 

>18003 

Monel K500 

2090 

Monel K500 

2090 

1875 

316 Stainless Steel 

4515 

316 Stainless Steel 

4515 

750 

316 Stainless Steel 

4515 

Monel K500 

2090 

640 

316 Stainless Steel 

4515 

Zirconium Copper 

35 

580 


a No Ignition test limited by sample deformation. 


TABLE IV. - TURBOPUMP FAILURE MODES AND RELATED SENSORS 


Failure mode 

Measurand 

Sensor 

Corrective action 
during operation 

Bearing wear/fallure 

Material depletion 

Isotope detector 

Reduce speed 


Deformation 

Deflectometer 

Reduce speed 


Deformatlon 

Appearance 3 

Eddy current 
Indicator 

Fiber optic 
probe 

Reduce speed 


Vibration 

Accelerometer 

Reduce speed 


Vibration 

Laser vlbrometer 

Reduce speed 

Shaft seal wear/fallure 

Material depletion 

Isotope 

Shutdown 


Cavity press 

Seal appearance 3 

Pressure 

transducer 

Fiber optic 
probe 

Shutdown 

Turbine blade cracks 

Blade appearance 3 

Blade condition 3 

Fiber optic 
probe 

Acousto-optics 


Turbine blade fatigue 

Electron flux 3 

Exoelectron 

emission 


Seal/bearing binding 

Shaft torque 

Ferromagnetic 

torquemeter 

Shutdown 

T/P overspeed 

Shaft speed 

Ferromagnetic 

torquemeter 

Reduce speed 

Pump cavitation 

Inlet pressure 

Pressure 

transducer 

Reduce speed 


a Between tests. 
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Figure 1.- Integrated space transportation systems. 1S90's scenario. 
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Figure 2.- Flow schematic; Aerojet advanced OTV propulsion concept. 
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Figure 3.- Flow schematic; Rocketdyne advanced OTV propulsion concept. 
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Figure 5.- Effect of admission on efficiency of two stage partial 

ADMISSION TURBINE. 
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Figure 6.- Effect of nozzle orientation on efficiency of two stage partial admission 
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Figure 9. - Hydrostatic bearing tester components 















TURBOPUMP 


HYDROSTATIC 
BEARINGS 



TO 

DRIVE 


\ L TURBINE 


INLET / 
HOUSING — / 


DRIVE SHAFT 
SEAL HOUSING 


PUMP HOUSING 
FIRST STAGE 


u ROTATING 
ASSEMBLY 


PUMP HOUSING 
SECOND STAGE 


Figure 10.- Hydrostatic bearing tester. 
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Figure 11.- Thermal enhancement for ribbed combustor heat transfer, projected hot 
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Figure 12.- Cold flow test fixture for coolant channel passage evaluation. 
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Figure 13.- Combustor wall temperature decrease for coolant passages with fins, projected 
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Figure 14.- Annular heat sink thrust chamber assembly. 
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Figure 15. - Annular heat sink thrust chamber components. 
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Figure 16.- Heat flux profile along centerbody of annular thrust chamber. 
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Figure 18. - Test firing of the rocketdyne integrated component evaluator. 
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Figure 19.- Layered health monitoring/control architecture. 
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Figure 20.- Carriage-hook coupling concept for space based fluid disconnects. 
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probes carried by the OTV will continue the exploration of the solar system. 

When lunar bases are established, the OTV will be their transportation link to 
earth. NASA Is currently funding the development of technology for advanced 
propulsion concepts for future Orbital Transfer Vehicles. Progress In key areas 
during 1986 Is presented. 
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